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ABSTRACT

Tropical cyclones — particularly intense ones — are a hazard to life and property, so an
assessment of the changes in North Atlantic tropical cyclone intensity has important
socio-economic implications. In this study we focus on the seasonally integrated Power
Dissipation Index (PDI) as a metric to project changes in tropical cyclone intensity.
Based on a recently developed statistical model, we examine projections in North
Atlantic PDI using output from 17 state-of-the-art global climate models and three
radiative forcing scenarios. Overall, we find that North Atlantic PDI is projected to
increase with respect to the 1986-2005 period across all scenarios. The difference
between the PDI projections and those of the number of North Atlantic tropical cyclones,
which are not projected to increase significantly, indicates an intensification of North
Atlantic tropical cyclones in response to both greenhouse gas (GHG) increases and
aerosol changes over the current century. At the end of the 21*' century, the magnitude of
these increases shows a positive dependence on projected GHG forcing. The projected
intensification is significantly enhanced by non-GHG (primarily aerosol) forcing in the

first half of the 21 century.
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1. Introduction

The projected damage arising from tropical cyclones is in a future climate,
particularly as anthropogenic global warming continues, is a topic of scientific and
societal interest, and will be influenced by changes in storm intensity, population and
vulnerability (e.g., Mendelsohn et al. 2012, Peduzzi et al. 2012). The most intense
hurricanes (Cat 3-5) are responsible for the vast majority of the tropical cyclone damage
in the United States, even though they represent only one fourth of the overall landfalling
tropical cyclone activity (e.g., Pielke ef al. 2008).

Theoretical considerations (e.g., Emanuel 1987, Holland 1997) and high-resolution
modeling studies (e.g., Knutson and Tuleya 2004, Oouchi et al. 2006, Emanuel et al.
2008, Bender et al. 2010, Knutson et al. 2010) generally suggest an increase in the
intensity of tropical cyclones in a warming climate. High-resolution models can represent
the most intense storms directly, but the required computational expense generally limits
them to single-model runs and/or time slice experiments. At the present time, it is unclear
what outcome we would get by running these high-resolution models in a multi-model
fashion over the entire 21% century.

An alternative approach to counting the number of the most intense storms is to
employ the seasonally integrated Power Dissipation Index (PDI; Emanuel 2005, 2007),
which is a metric that convolves storm duration, frequency, and intensity. Storm intensity
is accounted for by taking the third power of the wind speed. Emanuel (2005) found that
there was a high correlation between PDI and tropical Atlantic sea surface temperature
(SST). Swanson (2008) obtained a higher correlation using the difference between

tropical Atlantic (SSTau) and tropical mean SSTs (SSTrtp). Vecchi et al. (2008b)
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showed that projections of PDI based on relative SST (the difference between SSTaq and
SSTyop) are in better agreement with results from dynamical models than using SSTaq
alone. Recently, Villarini and Vecchi (2012a) developed a statistical model in which
SSTau and SSTrp are used as predictors (see Section 2). We have also recently shown
that this statistical model can be used to make retrospective skillful forecasts of
seasonally integrated North Atlantic PDI from November of the previous season,
allowing the skillful forecast of the upcoming season as the current one is still coming to
an end (Villarini and Vecchi 2012c).

Here we apply the model of Villarini and Vecchi (2012a) to outputs from 17 global
climate models (GCMs) produced under the Fifth Coupled Model Intercomparison
Project (CMIPS; Taylor et al. 2012; Table 1) to address questions related to future

changes in North Atlantic tropical cyclone intensity.

2. Methodology

The methodology used to create the projected North Atlantic PDI time series is based
on the model described in Villarini and Vecchi (2012a). Here we provide only a brief
overview and point the interested reader to the original reference for a more in-depth

discussion. The PDI record can be modeled according to a gamma distribution:

~141/0?

~ v expl- v /o )
fy(y“laa)_ (O-ZM)I/UZ F(I/O'z) (1)

in which the logarithm of the location parameter w is a linear function of SSTay and
SSTTmpI

log(u) = 0.76 +1.94 - SST,,, ~1.78- SST . )
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and log(o) is constant and equal to -0.57. The calculations are performed in R (R
Development Core Team 2008) using the freely available GAMLSS package
(Stasinopoulos et al. 2007).

This parsimonious model can describe very well the interannual and decadal
variability and change of the PDI record over the period 1949-2008 (compare red and
blue lines in Fig. 1; Villarini and Vecchi 2012a), and allows for century-scale
reconstructions of PDI (yellow line Fig. 1).

The statistical frameworks modeling Atlantic hurricane activity using SSTay relative
to SSTtrop, rather than SSTy alone, are supported by both modeling and empirical results
(e.g., Latif et al. 2007, Vecchi and Soden 2007a, Swanson 2008, Bender et al. 2010, Zhao
et al. 2010, Ramsay and Sobel 2011, Vecchi et al. 2008b, 2011, Villarini et al. 2010,
2011, 2012) and are the basis of skillful seasonal forecasts (Vecchi et al. 2011, Zhao et
al. 2010, Villarini and Vecchi 2012¢). In the model of Villarini and Vecchi (2012a), the
positive coefficient on Atlantic SSTs is larger than the negative coefficient on tropical-
mean SSTs (equation 2), and a similar difference in the magnitude of the Atlantic and
tropical-mean coefficients to the fit of PDI was found by Swanson (2008). This indicates
that uniform warming (cooling) of the tropics should lead to an increase (decrease) in
PDI. In addition, warming (cooling) of the Atlantic relative to the tropical average will
also lead to an increase (decrease) in PDI.

In this study we examine projected changes in PDI by applying the statistical model
of Villarini and Vecchi (2012a) to outputs from 17 GCMs (see Table 1 for a list) to
address questions related to future changes in North Atlantic tropical cyclone intensity,

using 1986-2005 as our reference period to compute anomalies, and the median of the
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gamma distribution as reference value. We have recently analyzed these GCMs for
possible changes in tropical cyclone activity (Villarini and Vecchi 2012b). We showed
that over the first half of the 21% century there is a significant radiatively forced increase
in North Atlantic tropical storm frequency, which is not driven by CO, but likely
aerosols. This increase, however, does not extend over the entire 21* century, for which
the sign of the trend is uncertain. Differences in the behavior of PDI and tropical cyclone
frequency indicate changes in tropical cyclone intensity and duration at the strongest

intensities (Villarini and Vecchi 2012a).

3. Results

Figure 1 shows the time series of PDI anomalies for three representative
concentration pathways (RCPs; each RCP is labeled to reflect the radiative forcing
change at the end of the 21% century, in W/m?). The observations over the period 1949-
2008 are within the GCMs ensemble spread. The projected PDI values tend to be larger
than the PDI values over the last 130 years. Regardless of the RCP, there is a tendency
towards increases in PDI over the 21 century. The magnitude of these increases depends
on the RCP, with RCP 2.6 showing smaller increases compared to RCP 8.5. This
magnitude increase is coupled with an increase in the ensemble spread (Figures 1-2). The
projected mean over 2016-2035 is, on average, 20% larger than the corresponding values
over 1986-2005 (Figure 2). Averaged over 2046-2065, the multi-model mean PDI values
are between 50% and 75% larger than the values for the reference period. At the end of
the 21% century, the magnitude of the changes shows a positive dependence on the

strength of projected greenhouse gas (GHG) forcing.
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With the exception of RCP 2.6, which has a mid-century maximum in GHG forcing,
the largest projected increases in PDI are towards the end of the 21* century. For RCP 4.5
(approximately a CO, doubling at the end of the 21* century) the PDI values over 2080-
2099 are on average 50% larger than the reference period. Meanwhile, the PDI values for
RCP 8.5 (approximately a quadrupling of CO, at the end of the 21* century) are, on
average, 100% larger than over 1986-2005, with a large increase in intermodel
variability.

Storm duration, frequency and intensity are used to compute the PDI. Could it be that
the increases in PDI are reflecting an increase in tropical cyclone frequency? A recent
analysis of the same GCMs (Villarini and Vecchi 2012b) showed that the ensemble-mean
North Atlantic tropical cyclone frequency is not projected to change significantly over the
entire 21% century, regardless of the RCP. In further contrast to the PDI projections,
frequency increases that were found were the largest in the first half of the 21% century
(driven by aerosol changes) and showed no relation to GHG forcing. The increase in PDI,
therefore, indicates a projection for an increase in North Atlantic tropical cyclone
intensity or the duration over which these storms are at their strongest intensities. A
scaling argument in Villarini and Vecchi (2012a) suggests that these projections include
an increase in the time during which North Atlantic tropical cyclones are at their
strongest intensities; that is, all other things equal, the probability of a major hurricane
occupying a place at any given time is projected to increase. In indicating that North
Atlantic tropical cyclone frequency and intensity can behave disparately, these results

using the CMIP5 GCMs are qualitatively consistent with previous analyses using the
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previous third Coupled Model Intercomparison Project (CMIP3) models (Emanuel et al.
2008, Bender et al. 2010).

Multiple forcing agents (GHG, aerosols, ozone, etc.) are changing in these RCPs. An
idealized suite of experiments in which CO, concentrations are doubled over a 70-year
period isolates the impact of CO; in the projections (Figure 3). An increase in CO, results
in an average slight increase in PDI, driven by the overall warming of the tropics
(Villarini and Vecchi 2012a), in contrast to a CO,-driven decrease found for tropical
storm frequency (Villarini and Vecchi 2012b). However the magnitude of the PDI
sensitivity to CO; in these models is not large enough to explain the increase in PDI for
the three RCPs (e.g., compare the response at year 70 of Figure 3 with 2100 in RCP 4.5
of Figure 1), indicating that other forcing agents also contribute to the projected intensity
increases.

To assess the role of aerosols in the PDI projections, we explore a partial perturbation
experiment using a GCM from the CMIP5 suite (GFDL-CM3), in which aerosol
precursors in RCP 4.5 are not allowed to change after 2005 and compare that to the
response of the same model to the full RCP 4.5 projected forcing (Figure 4). This set of
experiments indicates that the projected increase in PDI in the projections from GFDL-
CM3 is driven both by GHG increases and aerosol changes (largely through a projected
decrease in Atlantic and global aerosols; Villarini and Vecchi 2012b). The aerosol-driven
increase in North Atlantic TC intensity in the GFDL-CM3 projections arises both from
the tropical-mean warming driven by aerosol optical depth decreases, and from a
warming of the Atlantic relative to the tropics driven by a more rapid reduction of

aerosols over the Atlantic than over the global tropics in this RCP scenario.
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Unfortunately, this experiment is not available for the full CMIP5 model suite; because of
the large potential role of aerosols in climate changes future coordinated experiments
should include idealized experiments like these to allow an assessment of the relative
contributions of aerosols and GHGs to projected climate changes.

An analysis of a couplet of historical CMIPS5 experiments over the 1880-2005 period,
one using “all forcings” (changing GHGs, aerosols, natural forcing, etc.) and another
using past greenhouse forcing only (in which aerosols, natural forcings, etc. are kept at
preindustrial values) indicates that the projected influence of aerosol changes on PDI may
have begun in the 1990s (Figure 5). These historical perturbation experiments are only
available for a subset of the CMIP5 models (Table 1). In particular, the impact of GHGs
alone leads to an increase in PDI over the 20™ century in these models, while the non-
GHG forcing leads to a decrease between the 1960s and 1980s, and a rebound following
that. Unfortunately again, experiments isolating the role of aerosols are available from
few CMIP5 models at this time; however, the timing of the non-GHG decrease suggests
that increasing aerosol loading in the Atlantic was a key countervailing force against a
GHG-induced increase of PDI over the 20™ century, but over the recent decades (and in
the projections of the 21 century — see Figure 4) GHG and aerosol forcing both act to

increase PDI in these models.

4. Discussion and Conclusions

In this study we used output from a new suite of coupled climate simulations
(CMIPS; Taylor et al. 2005) and a recently developed statistical model (Villarini and
Vecchi 2012a) to project changes in North Atlantic PDI over the 21* century. These

analyses are based on 17 GCMs and explore three future radiative forcing scenarios (or
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RCPs). Comparison of the PDI projections to projections of North Atlantic TC frequency
(Villarini and Vecchi 2012b) allows us to interpret the changes in terms of tropical
cyclone intensity. Our results suggest that the North Atlantic PDI, driven primarily by
changes to tropical cyclone intensity and the duration of TCs at highest intensity, is
projected to increase over the current century in all three RCPs. By the end of the 21*
century, the magnitude of the projected increase depends on the projected GHG forcing.
The a projected intensification of North Atlantic tropical cyclone in response to GHGs
increases and aerosol changes.

The results of this study are based on the statistical model described in Villarini and
Vecchi (2012a), in which the dominance of certain physical processes is implicit. In
particular, the model assumes that tropical tropospheric warming will follow something
close to a “moist adiabat” (warming will be about twice as large in the upper troposphere
than at the surface) and that the “weak temperature gradient” (WTG) approximation
holds (Sobel et al. 2002; the WTG approximation reflects the tendency of tropospheric
temperature anomalies to be relatively spatially homogeneous in the tropics). Therefore,
we do not account for the impact of direct radiative heating on free-atmospheric
temperatures (Emanuel 2010), which would require other relevant predictors that are
currently not included in the model. With these caveats in mind, these results point to a
substantial increase in North Atlantic tropical cyclone intensity, and growing probability
of extreme hurricane seasons over this century (Figure 6).

The CMIPS5 coupled GCM experiment suite leads to a projection of increases in
North Atlantic PDI over the 21 century in response to projected increases in GHGs and

changes in atmospheric aerosols (largely reductions in Atlantic aerosol loading). The

10
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projections for increased PDI reflect a projection of increase tropical cyclone intensity
and duration at the highest intensities, rather than an increase in frequency. These
projected changes in PDI are large, indicating substantially increased probability of years
as or more active than 2005 (Figure 6), which may have been the most active year on
record. However, these same models do not indicate that we should have seen an increase
over the past century — nor do reconstructions of PDI from SST (Figure 1; Villarini and
Vecchi 2012a). The lack of an expectation for increasing PDI over the past century in
these GCMs appears to arise in part because of large internal variability (Figure 1), but
also because the slight GHG-driven increase over the past century has been masked by a
sharp non-GHG driven decrease around the 1960s-1980s — the timing of which suggests a
role for aerosols (Figure 5), similar to a potential masking of a GHG-induced weakening
of oceanic circulation (e.g., Delworth and Dixon 2006). Only in the recent decades has
the GHG and non-GHG PDI response in these models been in the same direction (Figure
5), a constructive influence that is projected to continue over the next few decades
(Figure 4).

These results add to the growing body of work (e.g., Rotstayn and Lohmann 2002;
Mann and Emanuel 2005; Evan et al. 2009; Chang et al. 2011; Booth et al. 2012;
Villarini and Vecchi 2012b) suggesting that the observed multi-decadal variability in the
North Atlantic, and its related impacts (e.g., the inactive Atlantic hurricane period
between the late-1960s and early-1990s), may include a component driven by changes in
atmospheric aerosols (primarily through an increase in the post-World War II era, and a
decrease in the 1980s-1990s, of aerosol optical depth over the Atlantic). However, the

CMIPS historical experiments only explain a fraction (~25%) of the recently observed

11
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multi-decadal swing in PDI (Figure 1), indicating that factors such as internal variability
(e g., Zhang and Delworth 2005, 2006, 2009; Robson et al. 2012) are also likely to have
contributed.

In contrast to projections of surface warming, which have already been observed and
attributed in part to increasing GHGs (Solomon et al. 2007), for PDI we are in an
uncomfortable position where the GCMs are projecting potentially dramatic and
societally relevant changes, while at the same time indicating no detectable changes
should be present in the record. Therefore, tests of these projections must be indirect and
are intimately tied to our confidence in the fidelity of the GCMs and the projected
radiative forcing. In particular, because of the role of aerosols changes in the historical
simulations and projections of PDI, and because there are currently substantial
uncertainties in the role of aerosols in past climate variations (e.g., Booth et al. 2012;
Zhang et al. 2012), efforts should continue to improve our understanding and modeling
capability for the role of aerosols in regional and global climate change. More generally,
the mechanisms behind patterns of SST must be better understood (e.g., Leloup and
Clement 2009; Clement et al. 2010; Xie et al. 2010), as should the character of past
changes in regional SST (e.g., Vecchi and Soden 2007b; Vecchi et al. 2008a; Deser et al.
2010), in order to develop confident projections and assessment of past causes for

changes in Atlantic hurricane intensity.
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TABLE 1. Summary of the 17 global climate models used in this study. For all of them,
data for the RCP 2.6, RCP 4.5 and RCP 8.5 are available. The same holds true for the
2xCO; runs with the exception of MIROC-ESM-CHEM. The final column indicates the
models for which the “greenhouse only” historical experiments were available (see

Figure 5).
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FIG. 1. Time series of PDI anomalies from 1878 to 2099. PDI projections are based on 17
GCMs under the CMIP5 for three RCPs. The blue line refers to the observations
corrected according to Landsea (1993). The red line represents the median of the model
described in Villarini and Vecchi (2012a) fitted to the observations; the orange line
represents the median of the reconstructed PDI anomalies based on the statistical model
in Villarini and Vecchi (2012a) and using ERSSTv3b SST time series (Smith et al. 2008)
as input to the statistical model. The solid black line represents the average of the 17
medians from the GCMs. The light (dark) grey areas represent the region between the
10™ and 90™ percentile (minimum and maximum) from the 17 medians. The anomalies

are computed with respect to the 1986-2005 period for each model and the observations.

FIG. 2. Boxplots of the average projected PDI values for three periods (2016-2035, 2046-
2065, and 2080-2099) normalized by their values over the 1986-2005 period. Projections
are based on 17 GCMs and three RCPs. The whiskers represent the 10" and the 90
percentiles, the limits of the boxes the 25" and 75 percentiles; the horizontal line and
square inside the boxes the median and mean, respectively; the horizontal dashes
represent the minimum and maximum values. The values of o indicate the standard

deviation out of the 17 GCMs.

FIG. 3. Top panel: Time series of PDI anomalies for 16 GCMs and 2xCO, experiment.
The solid black line represents the average of the 16 medians from the GCMs. The light
(dark) grey areas represent the region between the 10™ and 90" percentile (minimum and
maximum) from the 16 medians. The dashed black vertical line at year 70 represents the
time of CO, doubling. The anomalies are computed with respect to the 1986-2005 period

for each model. Bottom panel: Slopes of the regression lines for the first 70 years for 16
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GCMs and 2xCO, experiment. In the box plots, the dashes represent the minimum and
maximum values, the limits of the whiskers represent the 10™ and 90™ percentiles, the
limits of the boxes represent the 25™ and 75™ percentiles, and the horizontal lines and the

squares inside the boxes are the median and the mean, respectively.

FIG. 4. Plots of the PDI anomalies based on three member ensembles of the GFDL-CM3
GCM forced with RCP 4.5 projected GHG+Os5 forcing (blue lines) and GHG+Os+aerosol
forcing (red/yellow lines). PDI computed using the statistical PDI model of Vecchi and
Villarini (2012a). The red line is the three-member ensemble mean, each ensemble
member is shown by the orange lines, forced by the full RCP 4.5 projections. The blue
lines are from an experiment in which emissions of aerosol precursors over the entire 21*
century were held fixed at their 2005 values; light blue lines show the individual

ensemble members and the dark blue line shows the ensemble mean.

FI1G. 5. Impact of greenhouse and non-greenhouse forcing on the historical PDI evolution
of the CMIP5 models. Time series of the 20-year running average PDI based on the 13
CMIPS5 global climate models (GCMs) for which a “greenhouse only” historical
experiment was available (see Table 1). Shading indicates the +1 inter-GCM standard
deviation for each quantity, lines indicate the 13-model average. Black line and gray
shading show the response from the “all forcing” historical experiments (the experiments
shown in Figure 1 of the main text). Red shows the response of the “greenhouse only”
experiments, in which only greenhouse gases were allowed to change in each experiment.
Blue shows the difference of the “all forcing” and “greenhouse only”, and gives an
indication of the impact of non-greenhouse natural (e.g., solar variations and volcanoes)

and anthropogenic (e.g., tropospheric aerosols, ozone) forcing agents.
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FIG. 6. Time series of the number of GCMs with median PDI anomaly exceeding that of
the year 2005 (3.63 10'' m’ s, based on the observations) for three RCPs. The anomalies

are computed with respect to the 1986-2005 period for each model and the observations.
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TABLE 1. Summary of the 17 global climate models used in this study. For all of them,

data for the RCP 2.6, RCP 4.5 and RCP 8.5 are available. The same holds true for the

2xCO; runs with the exception of MIROC-ESM-CHEM. The final column indicates the

models for which the “greenhouse only” historical experiments were available (see

Figure 5).
Modeling Center Model N RCP | RCP | RCP GHG-
(or Group) Name LR 2.6 4.5 8.5 2xCO, only
Beijing Climate Center, China BCC-
Meteorological Y Y Y Y Y Y
.. . CSM1.1
Administration
Canadian Centre for Climate
Modelling and Analysis CanESM2 Y Y Y Y Y Y
National Center for
Atmospheric Research CCSM4 Y Y Y Y Y Y
Centre National de
Recherches Meteorologiques /
Centre Europeen de CNRM-
Recherche et Formation CM5 Y Y Y Y Y Y
Avancees en Calcul
Scientifique
Commonwealth Scientific and
Industrial Research
Organization in collaboration f/[iI?)Rg)(-) Y Y Y Y Y Y
with Queensland Climate o
Change Centre of Excellence
NOAA G.eophyswal Fluid GFDL-CM3 % % % % v v
Dynamics Laboratory
NOAA Geophysical Fluid GFDL-
Dynamics Laboratory ESM2M Y Y Y Y Y Y
NOAA Geophysical Fluid GFDL-
Dynamics Laboratory ESM2G Y Y Y Y Y i
Met Office Hadley Centre HadngM} Y Y Y Y Y Y
Institut Pierre-Simon Lapl IPSL- Y Y | Y | Y Y Y
nstitut Pierre-Simon Laplace | sy 1o
Institut Pierre-Simon Lapl IPSL- Y Y | Y | Y Y
nstitut Pierre-Simon Laplace | o\ rs4 MR -
Atmosphere and Ocean
Research Institute (The MIROCS % % % v v i

University of Tokyo),
National Institute for

25




Environmental Studies, and
Japan Agency for Marine-
Earth Science and Technology

Japan Agency for Marine-
Earth Science and
Technology, Atmosphere and

Ocean Research Institute (The M]IE%S/IC_
University of Tokyo), and
National Institute for
Environmental Studies
Japan Agency for Marine-
Earth Science and
Technology, Atmosphere and MIROC-
Ocean Research Institute (The ESM-
University of Tokyo), and CHEM
National Institute for
Environmental Studies
Max Planck Institute for MPI-ESM-
Meteorology LR
Meteorological Research MRI-
Institute CGCM3
Norwegian Climate Centre NorEN?Ml i

N —

26




AN D B W

/"l

f W’W; oA MMMW

T v T v T T T T T v v v T v v v
1880 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080

104 RCP 4.5

:_: " N \M‘Aﬁ N

T T T T T T T T T T T T T T T T T T T T T T
1880 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080

10_-RCP8.5 ww
ﬁ MI

o A, MM',,,

2 l‘n’qﬂu (A “WW‘YWMMY“

'41 v T X T v T ¥ T
1880 1900 1920 1940 1960 1980 2000 2020 2040 2060 2080

10{RCP 26 w
: W' \“\

PDI Anomalies (10" m®s?)

Year

FIG. 1. Time series of PDI anomalies from 1878 to 2099. PDI projections are based on 17
GCMs under the CMIP5 for three RCPs. The blue line refers to the observations
corrected according to Landsea (1993). The red line represents the median of the model
described in Villarini and Vecchi (2012a) fitted to the observations; the orange line

represents the median of the reconstructed PDI anomalies based on the statistical model
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in Villarini and Vecchi (2012a) and using ERSSTv3b SST time series (Smith et al. 2008)
as input to the statistical model. The solid black line represents the average of the 17
medians from the GCMs. The light (dark) grey areas represent the region between the
10™ and 90™ percentile (minimum and maximum) from the 17 medians. The anomalies

are computed with respect to the 1986-2005 period for each model and the observations.
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percentiles, the limits of the boxes the 25" and 75 percentiles; the horizontal line and
square inside the boxes the median and mean, respectively; the horizontal dashes
represent the minimum and maximum values. The values of o indicate the standard

deviation out of the 17 GCMs.
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FI1G. 3. Top panel: Time series of PDI anomalies for 16 GCMs and 2xCO, experiment.
The solid black line represents the average of the 16 medians from the GCMs. The light
(dark) grey areas represent the region between the 10™ and 90" percentile (minimum and
maximum) from the 16 medians. The dashed black vertical line at year 70 represents the
time of CO, doubling. The anomalies are computed with respect to the 1986-2005 period

for each model. Bottom panel: Slopes of the regression lines for the first 70 years for 16
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GCMs and 2xCO, experiment. In the box plots, the dashes represent the minimum and
maximum values, the limits of the whiskers represent the 10™ and 90™ percentiles, the
limits of the boxes represent the 25™ and 75™ percentiles, and the horizontal lines and the

squares inside the boxes are the median and the mean, respectively.
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FIG. 4. Plots of the PDI anomalies based on three member ensembles of the GFDL-CM3
GCM forced with RCP 4.5 projected GHG+Os3 forcing (blue lines) and GHG+Ojs+aerosol
forcing (red/yellow lines). PDI computed using the statistical PDI model of Vecchi and
Villarini (2012a). The red line is the three-member ensemble mean, each ensemble
member is shown by the orange lines, forced by the full RCP 4.5 projections. The blue
lines are from an experiment in which emissions of aerosol precursors over the entire 21*

century were held fixed at their 2005 values; light blue lines show the individual

ensemble members and the dark blue line shows the ensemble mean.
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FI1G. 5. Impact of greenhouse and non-greenhouse forcing on the historical PDI evolution
of the CMIP5 models. Time series of the 20-year running average PDI based on the 13
CMIPS5 global climate models (GCMs) for which a “greenhouse only” historical
experiment was available (see Table 1). Shading indicates the +1 inter-GCM standard
deviation for each quantity, lines indicate the 13-model average. Black line and gray
shading show the response from the “all forcing” historical experiments (the experiments
shown in Figure 1 of the main text). Red shows the response of the “greenhouse only”
experiments, in which only greenhouse gases were allowed to change in each experiment.
Blue shows the difference of the “all forcing” and “greenhouse only”, and gives an
indication of the impact of non-greenhouse natural (e.g., solar variations and volcanoes)

and anthropogenic (e.g., tropospheric aerosols, ozone) forcing agents.
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FIG. 6. Time series of the number of GCMs with median PDI anomaly exceeding that of
the year 2005 (3.63 10'' m’ s, based on the observations) for three RCPs. The anomalies

are computed with respect to the 1986-2005 period for each model and the observations.
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